Tannery wastewater
Introduction
In the tanning industry hides and skins are typically traded in the salted state. Salt acts by inhibiting the growth and activity of bacteria through lowering the moisture content in rawstock. The quantity of salt (sodium chloride) applied depends largely on the storage time required for the leather. About 60% of total tannery chloride derives from salt used for curing purposes, which is then released in the soaking effluents. The remaining originates through the pickling and to some extent from tanning and dyeing processes. The typical untreated industrial wastewater is characterized by high chemical and biological oxygen demand and high salt content (EC., 2003) . End-of-pipe water treatment represents the last but not the least important mitigation strategy. Significant technological advancements have been made in order to counteract frequent problems occurring in industrial scenarios, such as working over capacity due to poor design or due to increases in production. In these cases constructed wetlands (CW) can be used to improve the performance of an existing biological stage or to displace secondary or tertiary treatment (Daniels, 2007) .
Treatment of tannery wastewater in CW has been reported recently (Calheiros et al., 2007 (Calheiros et al., , 2009b Daniels, 2008) . Plants have an effect on water quality that partially results from their effect on bacterial assemblages (Collins et al., 2004) . In CW systems microorganisms have the main role in the removal of pollutants (Stottmeister et al., 2003; Faulwetter et al., 2009) . It has been reported that reed beds are resilient to shock loadings, feeding suspension and to climate variations (Calheiros et al., 2007; Daniels, 2007) . They also have performed well when subject to effluents with high salinity contents, up to 11,500 mg L À1 in total dissolved solids (TDS) (Daniels, 2008) . Klomjek and Nitisoravut (2005) also reported reduction on biochemical oxygen demand, NH 3 -N and total phosphorus in a CW under saline conditions (14-16 mS cm
À1
). More recently, the study of Kaseva and Mbuligwe (2010) demonstrated that CW can be used as an option for improving the quality of tannery effluents, especially in the removal of chromium, with TDS levels around 10,000 mg L
. The presence of plants in CW enhances microbial diversity and activity and, additionally, the plant species root morphology and development seems to be a key factor influencing microbialeplant interaction (Gagnon et al., 2007) . Vymazal et al. (2001) also reported different microbial density accordingly to the plant species used in CW. Previous work on different types of CW provided us with an overview on microbial communities and factors affecting microbial activity on such systems (Faulwetter et al., 2009; Truu et al., 2009 ), but with no reference to the influence of high salinity content in such communities, a common scenario in the tannery industry. The work by Lefebvre et al. (2006) constitutes an attempt to describe the microbial communities involved in the aerobic and anaerobic treatment of hypersaline tannery wastewater.
In this study, the dynamics of microbial communities occurring within two CW series, planted with different species, treating high salinity content tannery wastewater was assessed. Bacterial enumeration and isolation and denaturating gradient gel electrophoresis (DGGE) analysis of 16S rRNA gene were used for this purpose.
2.
Material and methods
Systems design and analytical methodology
Two horizontal subsurface flow CW (area: 72 m 2 ) were set up after a conventional tannery wastewater treatment (Fig. 1) , for polishing purposes. Each series comprehended three compartments; the series planted with Arundo donax is designated as CWA (compartmented in: CWA1, CWA2 and CWA3) and series planted with Sarcocornia sp. is designated as CWS (compartmented in: CWS1, CWS2 and CWS3). The CW substratum comprised equal parts of Filtralite Ò NR 3-8 (FNR), with particle size ranging from 3 to 8 mm, and washed sand, with particle size ranging from 0.5 to 1.0 mm, up to a height of 35 cm. Operation of the system was followed for one year, with the first two months considered as an acclimation period, when it was first fed with water and then with 50% diluted wastewater. During the following 180 days the system was subject to a flow of 4 m due to a sludge spill in the first unit of each series, which rendered it inadequate for continuing in operation. Wastewater samples were collected from the inlet and outlet of both CW series, simultaneously with substrate and root samples for microbial analysis (four sampling occasions). Physico-chemical parameters were determined based on Standard Methods (APHA, 1998): chemical oxygen demand (COD), biochemical oxygen demand (BOD 5 ), total suspended solids (TSS), total dissolved solids (TDS), ammonium (NH 4 þ ), total Kjeldahl nitrogen (TKN) and total phosphorus (Total P). The analyses were made immediately after sample collection, otherwise were properly stored. Dissolved oxygen (DO), pH, conductivity and temperature were registered with a WTW handheld multi-parameter instrument 340i at the inlet and outlet of CWA and CWS.
Microbial counts
Colony Forming Units (CFU) were determined based on the surface-plate counting procedure as described previously (Calheiros et al., 2009a) . Briefly, two sets of three subsamples were pooled to form one composite sample (10 g) of plant roots and substrate (from a depth between 5 and 10 cm) of each CW series (sampling points: CWA2, CWA3, CWS2 and CWS3), which were placed separately in sterile tubes with 10 ml of saline solution (0.85%, w/v, NaCl) and shaken on a vortex mixer for 1 min at room temperature. Serial dilutions were made in duplicate and 0.1 ml of each dilution was spread onto Marine agar (MA) and Nutrient agar (NA) media (LABM, UK).
Plates were incubated at 25 C for 4 days. The same procedure was followed for bacterial enumeration of the wastewater at the inlet and outlet of each CW. w a t e r r e s e a r c h 4 4 ( 2 0 1 0 ) 5 0 3 2 e5 0 3 8 modified Luria-Bertani broth, supplemented with 15% (v/v) glycerol. DNA was extracted from pure bacterial isolates, using the heat-shock extraction method. Colonies of pure bacterial isolates were added to 200 mL of sterile ultrapure water, vortexed to homogenize and heated at 95 C for 10 min.
Samples were then put into ice for 5 min and vortexed. Finally, samples were centrifuged at maximum velocity for 5 min and the supernatant was transferred to a sterile Eppendorf and DNA stored at À20 C.
DNA sequencing analysis
Isolates were identified by 16S rRNA sequencing analysis. 16S rRNA was amplified in a 50 mL reaction mix containing: 2 mL of DNA template, 5 mL of 10x buffer (Promega, USA), 5 mL of 2.0 mM MgCl 2 , 1 mL of 250 mM dNTPs, 0.5 mL of 100 mM f27 and r1492 primers, 2 U TAQ polymerase (Promega, USA) and 1.25 mL of DMSO (Sigma). PCR thermocycling parameters were as defined by Rainey et al. (1996) . PCR products were run on 1.5% agarose gel stained with SYBR Ò Safe (Invitrogen, UK) (100 V for 30 min) and visualized under a blue light. 16S rRNA products were purified using a GE purification kit, according to manufactures' instructions (GE Healthcare, UK). Cloning of the amplicons into pGEM T-Easy vector (Promega) and cycle sequencing were performed at Macrogen Inc. (Seoul, Republic of Korea) by using universal bacterial 16S rRNA primers (f27, r1492) (Lane, 1991) .
Nucleotide sequence accession numbers
The 16S rRNA gene sequences of bacterial isolates used in this study are deposited in GenBank under the accession numbers referred in Table 2 .
Denaturating gradient gel electrophoresis of total community DNA
The genomic DNA of substrate and root samples retrieved from each CW series (sampling points: CWA2, CWA3, CWS2 and CWS3) was extracted using the Ultra Cleanä Soil DNA Isolation Kit (MO BIO Laboratories, Inc., USA), according to the manufacturer's protocol. PCR amplification of bacterial 16S rRNA gene fragments was performed using primers 338F_GC and 518R, as described previously (Calheiros et al., 2009a) . Nested PCR amplifications were performed using as template 1 mL of the DNA amplicon obtained after the first amplification round and the same primers and conditions applied in the first PCR amplification.
DGGE analysis was performed on a DCodeä Universal Mutation Detection System (Bio-Rad Laboratories, Hercules, California, USA). Samples containing approximately 800 ng of nested-PCR amplicons were loaded onto 8% (w/v) polyacrylamide gels (37.5:1, acrylamid/bis-acrylamide) in 1x TAE buffer using a denaturing gradient ranging from 40 to 60% (100% denaturant solution contained 7 M urea and 40% (v/v) formamide). A standard marker was also included in all gels, to serve as an indicator of the quality of the analysis (GeneRulerä DNA Ladder Mix, Fermentas). Electrophoresis conditions and image acquisition were as described previously (Calheiros et al., 2009a) .
DGGE profiles, concerning the presence and intensity of the bands, were analyzed using GelCompar Ò II software (VERSION 4.6; Applied Maths, Sint-Martens-Latem, Belgium). Detected band patterns were transferred to an absence/presence matrix. Bandmatching position tolerance was set at 1%, with an optimisation of 0.5%. The binary matrix was transformed into a similarity matrix using the BrayeCurtis measure. Dendrograms were generated by unweighted pair group mean average (UPGMA) cluster analysis. DGGE banding data were used to estimate diversity, H (Shannon and Weaver, 1963) and equitability, E (Pielou, 1975) indexes.
Data analysis
Statistical analysis were performed using the software SPSS (SPSS Inc., Chicago, IL, USA; Version 12.0). When applicable, the data was analyzed through one-way analysis of variance (ANOVA) and Student's t-test. To detect the statistical significance of differences ( p < 0.05) between means of observation, the Duncan test was performed. When applicable, values were presented as the mean AE standard error.
Results and discussion

Wastewater characterization
The presence of salt may constrain the type of plants used in a CW for wastewater treatment since excessive salinity contents within the plant root zone has a general deleterious effect on plant growth (Rhoades et al., 1992) . The effect of salt on CW treatment performance has been scantily studied (Klomjek and Nitisoravut, 2005; Wu et al., 2008) . In the present study, the wastewater entering the CW series contained high amounts of salt being thus classified as highly saline according to Rhoades et al. (1992) . The plants A. donax and Sarcocornia sp. were resilient to the high salinity conditions of the industrial wastewater applied to the CW. Table 1 shows the In the column designated as "Isolation medium" is presented: the culture media from where the isolates were retrieved (NA-Nutrient Agar or MA-Marine Agar), followed by the constructed wetland series from where they were isolated (AeA. donax CW series or S-Sarcocornia sp. CW series) and then the sample origin (R: root or S: substrate) from which each sample was collected. Nd e Not determined.
w a t e r r e s e a r c h 4 4 ( 2 0 1 0 ) 5 0 3 2 e5 0 3 8 mean composition of the wastewater at the inlet and outlet of each CW series. ). Since in the present study we were dealing with a wastewater polishing process, the organic loadings were much lower than those reported in literature concerning secondary treatment of tannery effluents.
Bacterial enumeration and isolation
Regarding the microbial diversity of CW wastewater treatment systems operating with a high salt content, scarce information is available. At the inlet of the CW series, CWA and CWS, the average bacterial counts, in NA medium, were of 4.14 Â 10 5 AE 5.63 Â 10 4 CFU ml
À1
. For the outlet of the series counts were lower, in average 1.06 Â 10 5 AE 1.56 Â 10 4 CFU ml
for CWA and 1.03 Â 10 5 AE 1.43 Â 10 4 CFU ml À1 for CWS. ANOVA one-way was performed to compare the counts in terms of CFU ml À1 and significant differences between the wastewater inlet and the outlet of both CW were found. Average bacterial counts obtained in NA medium, from the root and substrate samples of each system, are shown in Fig. 2 . Samples were taken in different months (January, February, March and June of 2008) from CWA (A. donax series), at CWA2 and CWA3 compartments, and CWS (Sarcocornia sp. series), at CWS2 and CWS3 compartments. The CFU varied between 1.94 Â 10 7 and 8.46 Â 10 8 CFU g À1 for CWA and between 1.72 Â 10 7 and 1.01 Â 10 8 CFU g À1 for CWS series.
When one-way ANOVA was applied to compare the counts from the root and substrate of each CW series independently, no significant differences were observed. When comparing the counts from each series, the CWA presented significantly higher values when compared to CWS series, through Student t-test application. Bacterial counts from the root and substrate samples of each system were also undertaken in MA medium in one sampling occasion. Average bacterial counts for CWA were 9.54 Â 10 7 CFU g À1 (5.75 Â 10 6 -1.75 Â 10 8 CFU g
) and for CWS were 2.20 Â 10 8 CFU g À1 (5.97 Â 10 6 -3.95 Â 10 8 CFU g
). Bacterial counts found for root and substrate samples were in the range reported in other studies related to CW for tannery wastewater treatment (Calheiros et al., 2009a) . The fact that there were no significant differences on bacterial numbers between the substrate and the roots in the series (CWA and CWS) may be attributed to the diffuse propagation of each plant species. Although the CWA series had significant higher counts than CWS, this can be explained due to the highly developed root system of A. donax when compared to the Sarcocornia sp. The root system development was observed whenever root sampling was undertaken. Different plant species may have influence on the number of bacteria on roots; the study of Vymazal et al. (2001) reported that there were significantly higher bacterial counts on Phragmites australis roots when compared to the roots Phalaries arundinacea in a CW receiving municipal sewage.
Fifty bacterial isolates were retrieved from media NA and MA, from plant roots and substrate. Most of the isolates (33) came from the A. donax CW, 22 culturable in MA and 11 in NA. From the CW planted with Sarcocornia sp., other 17 isolates were identified, 10 retrieved from NA medium and 7 from MA medium. These isolates were characterized through the determination of the nucleotide sequence of the 16S rRNA gene. Accordingly to BLAST results (Table 2) , 20 strains were affiliated with g-Proteobacteria (13 from CWA and 7 from CWS), 15 with Firmicutes (9 from CWA and 6 from CWS), 5 with Actinobacteria (5 from CWA), 4 with Bacteroidetes (3 from CWA and 1 from CWS), 4 with a-Proteobacteria (2 from CWA and 2 from CWS) and 2 with b-Proteobacteria (1 from CWA and 1 from CWS). Many of them shared 100% similarity with sequences deposited in GenBank and were closely related to environmental isolates reported from sources such as marine environments, sediments, soils and biological wastewater treatment systems. Studies on the microbial diversity from CW treating tannery wastewater with high organic load (Calheiros et al., 2009a) and from hypersaline tannery wastewater (Lefebvre et al., 2006) also reported the presence of bacterial isolates belonging to the a-and g-Proteobacteria, Firmicutes, Actinobacteria and Bacteroidetes groups. Aguilar et al. (2008) performed a study on the characterization of sulphuroxidizing bacteria in wetland treating tannery wastewater and reported bacterial isolates with similarities to a-, b-and g-Proteobacteria subgroups and affiliated with Actinobacter sp. Franco et al. (2005) , based on enrichment cultures with soil collected nearby a tannery wastewater discharge site, isolated bacteria affiliated to g-Proteobacteria able to degrade polyphenols (substance used in tannery processes).
Molecular analysis of bacterial communities of the CW series
Little is known regarding the microbial diversity of CW treating hypersaline wastewater. In this study, different microbial profiles were found between the two series of CW. In order to assess the relatedness of phylogenetic profiles corresponding to the communities of each CW series, at each sampling time and location (substrate and root), a cluster analysis was performed. The samples from each series clustered together showing a similarity of 70% between the series planted with different species (Fig. 3) . The type of plant within each CW series had an evident effect on the bacterial communities whereas the sampling time (different months) did not. Caravaca et al. (2005) also suggested that the plant type has influence on the rhizosphere soil microbiological and biochemical properties, when studying eight halophytes in a salt marsh.
Some samples from CWS and from CWA clustered according to the location of collection (substrate and root), expressing, in general, similarities higher than 88%. There was no clear relation between the sample collection time and the spatial factor (series compartment CWA2-3 or CWS2-3). Also, the difference between the bacterial assemblages of each series is evident, reinforcing the effect of type of plant (A. donax and Sarcocornia) in the bacterial community. This is in agreement with Calheiros et al. (2009a) that claimed an evident effect of the type of plant used in the CW in the bacterial communities established. Zhang et al. (2010) when studying the effects of plant diversity on microbial biomass and community metabolic profiles in a CW for domestic wastewater treatment suggested that changes in the structure of microbial community strongly depends on the presence or absence of plants.
The diversity and equitability indexes were calculated based on DGGE profiles (Table 3 ). The Shannon's diversity index (H ) was in average of 1.13 AE 0.02 for CWA and 1.08 AE 0.03 for CWS. The equitability index (E ) was in average of 0.98 AE 0.02 for CWA and 0.97 AE 0.02 for CWS. Corroborating the present study, Calheiros et al. (2009a) reported, in general, H values above 1.0, for CW systems with high efficiency of organic removal from wastewater. The distinctive assemblages corresponding to each series may be influenced by the morphology and development of plant species.
Conclusions
In this study the microbial dynamics of root and substrate from two horizontal subsurface flow CW series planted with different species, operating for polishing treatment of highly Fig. 3 e Cluster analysis of DGGE patterns of root (R) and substrate (S) samples taken in different months, from CWA at the compartments CWA2 and CWA3 (Arundo donax series), and CWS, at the compartments CWS2 and CWS3 (Sarcocornia sp. series). Similarities were calculated using the BrayeCurtis measure. w a t e r r e s e a r c h 4 4 ( 2 0 1 0 ) 5 0 3 2 e5 0 3 8 saline tannery wastewater, was investigated. The main conclusions of this investigation are summarized as follows.
-The high salt content in the wastewater did not jeopardize the removal efficiency of organic matter in CW. -The clustering analysis suggested that a diverse and distinct bacterial community inhabits each CW series. -The type of plant seems to have a major effect on the established bacterial communities. -CW with different plants performed well in terms of organic matter removal, which may be due to the high bacterial diversity found within the systems.
